All species of the genus Listeria secrete a major extracellular protein called p60. A comparison of the deduced amino acid sequences of all listerial p60 proteins previously indicated there were only a few regions which were unique to the pathogenic, food-borne species Listeria monocytogenes. Two of these p60 regions were chosen for the development of antibodies specific for the facultative intracellular species L. monocytogenes. Initially, these regions were characterized via epitope mapping, and this led to the development of two different synthetic peptides. Rabbits immunized with these synthetic peptides generated polyclonal antibodies that were then used in Western blot (immunoblot) analyses. Antiserum against peptide A (PepA) recognized the p60 protein in the supernatants collected from most L. monocytogenes serotypes except for several strains belonging to serotypes 4a and 4c. No p60-related protein was detected in the supernatants from other Listeria species with this anti-PepA antiserum. Antibodies raised against peptide D (PepD) reacted with p60 from all L. monocytogenes serotypes, including all 4a and 4c strains that were tested, and also showed no cross-reactivity with supernatant proteins from other Listeria species. Both antisera also detected p60 in supernatants of a large number of environmental isolates of L. monocytogenes. Besides Western blot analyses, these antisera to PepA and PepD reacted with secreted p60 in an enzyme-linked immunosorbent assay, indicating recognition of the native antigen in addition to the denatured form. These data suggest that synthetic peptides derived from the variable region of the L. monocytogenes p60 protein may be useful for the development of an immunological diagnostic assay.
monocytogenes, L. ivanovii, L. seeligeri, L. welshimeri, L. innocua, and L. grayi (16) . Among these gram-positive, nonsporulating, and motile species that are widespread in nature, only L. monocytogenes is a human pathogen and is capable of causing severe infections like septicemia, encephalitis, and meningitis, particularly in immunocompromised individuals, newborns, and pregnant women (13, 33) . L. monocytogenes is a facultative intracellular bacteria that invades, replicates, and multiplies in a variety of mammalian cells, including macrophages, epithelial cells, and fibroblast cells (11, 20, 26) . A number of genes and gene products necessary for the intracellular survival of this pathogen have been previously reviewed (29) .
Several outbreaks of listeriosis had been associated with contaminated food such as milk and milk products (8) , meat (32) , and vegetables (31) , in which these bacteria can multiply even at low temperatures (7) . Because classical selective enrichments and biochemical analyses for detecting listeriae in foodstuffs are laborious and time-consuming, faster and more reliable methods have to be developed. The generation of antibodies specific for L. monocytogenes, which was the goal of this work, could lead to more practicable immunological assays. The previously reported extracellular protein p60 of L. monocytogenes, which seems to be required for this organism's adherence to and invasion of fibroblasts but not for adherence to human epithelial Caco-2 cells (5, 19) , could be a potential target protein because of its high abundance in the culture supernatants and its high immunogenicity (12) . Nevertheless, an antiserum raised against the whole p60 is not suitable for the specific detection of L. monocytogenes, since Western blot (immunoblot) analyses have demonstrated cross-reactivity with p60-related proteins in the supernatant of all Listeria species (3) . The iap (invasion-associated protein) gene coding for p60 and the iap-related genes of each other Listeria species have been cloned, sequenced, and analyzed (3, 17, 18) . On the basis of nucleic acid sequence comparison of all listerial iap genes, we previously developed a versatile PCR protocol for the unambiguous genus-and species-specific identification of different Listeria species (3) . Comparisons of the deduced amino acid sequences suggested that there were conserved and variable regions within these proteins (5) . It has been shown that the C-terminal conserved region is critical for cell division activity, suggesting the basic function of the p60 protein family may be as a murein hydrolase (39) . Portions of the 200 amino acids comprising the variable region near the N terminus appear to be specific for a given Listeria species (5) .
Because immunizations with short synthetic peptides in a size range of 10 to 15 amino acids could also lead to highly SPECIFIC ANTIBODIES FOR L. MONOCYTOGENES 3121 reactive antibodies that may recognize both denatured and native proteins (14) , we have arbitrarily selected two hydrophilic amino acid sequences derived from the variable region of the L. monocytogenes p60 for developing antibodies. Hydrophilicity of a synthetic peptide has been associated with better immunogenicity (14, 37) . Besides, antibodies raised against hydrophobic peptides may not recognize the cognate sequence in the native protein because it is likely to be buried and thus inaccessible to the antibody (23) .
Initially, the immunogenic character of the selected sequences was analyzed by epitope mapping using an antiserum raised against the whole p60. From these results, two synthetic peptides of 11 and 12 amino acids were then used as antigens for the generation of antibodies in rabbits. These antibodies specifically recognized both denatured and native p60 from culture supernatants. Here, we report on the feasibility of using these antibodies for the development of an immunological assay which may be specific for the food-borne pathogen L. monocytogenes. (22) , and heated at 95°C for 5 min. Protein separation was achieved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 12.5% polyacrylamide gels as described by Laemmli (22) . Transfer to nitrocellulose membranes (Hybond-C; Amersham-Buchler, Braunschweig, Germany) was performed by semidry electroblotting in a graphite chamber (21) . For Western blotting, rabbit antisera were diluted as indicated in the figure legends in PBS containing 1% bovine serum albumin (BSA) and 0.05% Tween 20. Blots were developed by using horseradish peroxidase conjugated swine anti-rabbit immunoglobulins (DAKO, Glostrup, Denmark) and 4-chloro-1-naphthol (Sigma).
MATERIALS AND METHODS
For immuno-dot blots, anti-p60 antiserum was diluted 1:100 in PBS containing 1% BSA and 0.05% Tween 20. Blots were developed with ,-galactosidase-conjugated anti-rabbit antibodies and 5-bromo-4-chloro-3-indolyl-,1-D-galactoside (XGal; Roth, Karlsruhe, Germany) as a substrate. ELISA. One hundred microliters of cell-free supernatants from overnight cultures was incubated in 96-well microplates (Costar, Cambridge, Mass.) for 2 h at 35°C. After the coated proteins were washed with PBS, wells were blocked for 1 h at room temperature in PBS containing 1% casein-0.05% Tween 20 in PBS. IgG fractions of peptide antisera were used in a concentration of 20 ,ug/ml. For colorimetric reactions, horseradish peroxidase-conjugated sheep anti-rabbit antibodies (ICN, Costa Mesa, Calif.), diluted 1:500 in PBS, and the substrate 2,2'-azino bis(3-ethylbenzothiazoline-6-sulfonic acid (Pierce, The Netherlands) were used. The optical density (OD) was measured at 405 nm in an ELISA reader apparatus (Dynatech Instruments, Torrance, Calif.). For sandwich ELISA, anti-p60 goat antibodies prepared as described previously (18) were immobilized in microtiter wells and then incubated with 100 ,ul of supernatant. No blocking step was used, but all other steps were done as described above.
For whole cell ELISA with living and heat-killed bacteria, overnight cultures were centrifuged at 12,000 rpm for 10 min, resuspended in growth medium, and incubated for 1 h at 35°C for coating in the wells. Heat killing was achieved by incubating bacteria for 5 min at 100°C prior to coating. The rest of the procedure was performed as described above.
Amino acid sequence analysis from the various iap sequences. The deduced amino acid sequences were analyzed with the ANTIGEN menu of the PC GENE program (Intelligenetics, Palo Alto, Calif.).
RESULTS
Selection of amino acid sequence regions specific for the p60 protein of L. monocytogenes. The amino acid sequence comparison of the Listeria p60 protein family deduced from genomic DNA sequences indicated that there were only few portions, mainly in the 200 amino acids comprising the variable region, which appeared to be unique to the L. monocytogenes p60 (5) . To identify potential short antigenic sequences for developing antibodies specific for this species, a hydrophilicity plot of the whole p60 protein was drawn as described by Hopp and Woods (15) (Fig. 1) . Two areas that were arbitrarily selected, named A and D, not only showed sequence variability among the p60-related proteins from the other Listeria species (Fig. 2 ) but also exhibited a hydrophilic nature. We chose the latter characteristic in particular because it has been associated with the development of a strong B-cell response when a synthetic peptide is used as an antigen for immunizations (37) .
Epitope mapping of the selected p60 regions with polyclonal antiserum raised against the whole p60 of L. monocytogenes. To evaluate which amino acid sequences of the arbitrarily selected p60 regions could be potential epitopes, we analyzed several series of overlapping cellulose-bound decapeptides for binding to an antiserum raised against the whole p60 of L. monocytogenes Svl/2a. Generation of this antiserum has been reported earlier (18) . Eleven or ten different peptides were synthesized from region A or D, respectively (Fig. 3A and B) . Additionally, the homologous sequences to region D of the p60-related protein of L. innocua were mapped (Fig. 3C ). As shown in Fig. 3A and B, the decapeptides 6 to 11 from region A and 1 to 8 from region D exhibited strong reactions with this antiserum in immuno-dot blot analysis, whereas only two decapeptides from the L. innocua portion gave strong positive signals (Fig. 3C) Fig. 4 , the antisera reacted specifically only with a 60-kDa protein representing the p60 of the homologous L. monocytogenes strain, whereas no crossreaction with the p60-related proteins could be observed.
Next, these antisera were tested to determine the crossreactivity against the p60 proteins produced by all serotypes of L. monocytogenes (Fig. 5A) . Supernatants of 13 L. monocytogenes strains belonging to all known serotypes were analyzed together with two other Listeria species by Western blotting. As shown in Fig. SB serum against the whole p60 protein (Fig. 5C ), indicating that the amino acid sequence QQQTAPKAPTE is a very conserved region in the p60 protein of all serotypes of this species. The lower bands visible in Fig. 5 represented degradation products of p60, which drastically increased when the supernatant proteins were isolated from late-stationary-phase cultures.
Detection of p60 proteins in the supernatant of L. monocytogenes environmental isolates. To confirm the results presented above for various laboratory strains, the supernatants of a number of L. monocytogenes environmental strains isolated from food and from feces of zoo animals were analyzed by Western blotting. As shown in Fig. 6 , both antipeptide antisera reacted with the p60 protein produced by each isolate. Note that the p60 degradation products in this assay were much lower because the supernatant proteins were harvested from late-logarithmic-phase cultures. In contrast to the 4a strain (see above), the p60 of the environmental isolate belonging to serotype 4a (Fig. 6A, lane 15) was efficiently recognized by the anti-PepA antiserum. Therefore, the supernatants of eight other strains belonging to serotypes 4a and 4c were analyzed with both antipeptide antisera by Western blotting. Whereas anti-PepD antiserum reacted with all produced p60 proteins, the anti-PepA antiserum also recognized the p60 protein from 50% of the examined strains (data not shown).
Detection of native p60 proteins in supernatants by ELISA. To determine whether antibodies raised against PepA and PepD also react with native p60 proteins, IgG fractions of the antisera were tested in ELISAs with supernatant proteins of various Listeria species and other bacteria coated onto microtiter wells. Table 2 shows that the anti-PepA antibodies were also able to recognize the epitope of native p60 proteins of all L. monocytogenes strains except the two examined 4a and 4c strains, whereas anti-PepD antibodies recognized all serotypes of this species. Detection was specific for p60 of L. monocytogenes, and the antibodies showed no cross-reaction with the supernatants of other Listeria species or other bacteria tested.
Because coating on microtiter plates can lead to conformational changes or to partial denaturation of proteins (24), the peptide antibodies were also analyzed in sandwich ELISAs. Polyclonal goat antibodies raised against the whole p60 protein of L. monocytogenes used as the capture antibodies were immobilized on the plates and incubated with supernatant proteins from a number of Listeria species or other bacteria. As shown in Table 2 , specific detection of the native L. monocytogenes p60 with these peptide antibodies was also observed, albeit the overall readings were lower as in the above-described ELISA. The immobilized antibody in the sandwich ELISA may have blocked recognition sites necessary for the peptide antibody, leading to lower values compared with the standard ELISA.
Detection of surface-bound p60 by ELISA. As reported earlier, p60 can also be detected on the surface of Listeria species with a polyclonal antiserum against the whole protein (30). Therefore, the reactivity of anti-PepD antibodies, which recognized all L. monocytogenes tion time is the use of PCR for the specific identification of Listeria species, especially L. monocytogenes. Although there have been a number of studies using PCR, only a few showed DNA amplifications specific for all serotypes of L. monocytogenes (3, 28) . In principle, all serotypes can lead to listeriosis, but serotypes 1/2a, 1/2b, and 4b are the predominant serotypes isolated from infected individuals (7). However, PCR procedures are still limited because some food ingredients can interfere with amplification (38) , and a more rapid and efficient method for extracting DNA needs to be developed.
An alternative to PCR technology is the development of an immunological detection assay using antibodies specific for L. monocytogenes. Thus far only a few antibodies have been tested, and either they have shown cross-reactions with closely related nonpathogenic Listeria or other bacterial species (1, 6, 27, 34) or not all serotypes of L. monocytogenes were tested and/or detected (2, 35, 36) . In this report, we describe the development of antibodies specific for the native and denatured secreted p60 protein of L. monocytogenes. This protein was selected because antisera from patients with listeriosis and healthy individuals had high titers of anti-p60 antillodies, indicating a highly and predominant immunogenic character (12) . We began by epitope mapping of short amino acid sequences in the p60 protein with an anti-p60 antiserum. Selection of peptides from the 200 amino acids comprising the variable region were chosen for three reasons: (i) this portion of p60 showed a relatively higher hydrophilicity profile, which may be necessary for eliciting a strong B-cell response (37) ; (ii) comparative sequence and immunological studies between the p60-related proteins of two L. welshimeri isolates indicated that the N-and C-terminal regions, which are highly conserved in all listerial p60 proteins, do not seem to be very immunogenic (4); and (iii) immunizations with osynthetic peptides from the Thr-Asn repeat region of p60 did not lead to an acceptable antibody titer (4 
